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INTRODUCTION 
Conversion of waste agricultural biomass to a source of energy to replace nonrenewable 
sources of energy is becoming more important as people's awareness regarding the pollution 
brought about by use of fossil fuels is escalating. One method of producing energy from 
biomass is anaerobic digestion in which methane gas is produced. Other methods are aerobic 
fermentation of cellulosic and starch feedstock to ethanol. Anaerobic digestion of wastes to 
methane is not a new concept; it has been used for years and is still used in rural areas of Asia 
and Africa to produce fuel for cooking food. Anaerobic digestion of waste in industrialized 
countries is usually accomplished more as a mean for reducing air pollution. 
In the United States there is an enormous amount of cellulosic agricultural waste 
associated with farming and forestry. In Iowa, for example, the amount of com stover left in 
the field after harvesting grain from 5 million hectares at 9 Mg/ha is equal to 20,000 kg per 
year per person . Baling com stover after harvest gathers approximately one-half of the 
stover, mainly the stalk part of the plant. The other one-half is left in the field, which is more 
than adequate for soil conservation compliance. The baled com stover, if converted to a fuel, 
would supply all of the electrical and heat used in Iowa (Helsel, 1977). 
Another large source of agricultural waste in Iowa is swine manure from confinement 
operations. The manure is stored in lagoons because of the presence of crops in the field or 
frozen ground which prohibit application during much of the year. The manure has a fertilizer 
value, but open lagoon storage has many adverted affects such as odor, lagoon leakage and 
run-off from the soil to streams from land application of manure. 
Anaerobic digestion of a mixture of corn stover and swine manure has the following 
potential advantages: 
1. The stalk part of corn stover is very low in nitrogen, possibly too low to support a 
healthy bacterial population in long-term digestion, and swine manure without straw bedding 
has too much nitrogen for simple types of anaerobic digestion. The combination of corn 
stover and swine manure should be a desirable feedstock for anaerobic digestion. 
2. The stalk portion of corn stover, when left in the field has adverse effects on crop 
culture. Most farming operations require fall tillage for soil incorporation of the stalk before 
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planting of subsequent crops. Fall tillage produces a desirable seed bed that warms early 
allows early planting with uniform stands, rapid seedling growth, and effective herbicidal 
control of weeds. The adverse effect of deep tillage is that it brings old soil organic matter to 
the surface where it is further oxidized with the result that soil organic matter continues to 
decrease with time and soil tilth is reduced. Deep tillage also requires the most energy of any 
single farm operation. 
3. When manure from swine confinement units are stored in lagoons, toxic levels 
of ammonia accumulate so that the lagoons are biologically dead for the most part and little 
dry matter is digested. 
4. Anaerobic digestion normally reduces dry matter by 50%, but most of the 
mineral nutrients are retained in the sludge fraction. The sludge from anaerobic digestion is 
less repugnant than that of swine manure for land application. 
5. On-farm digestion of either corn stover alone or with swine manure would 
require a floating cover over the lagoon to collect the gas, and the cover would eliminate the 
odor from the lagoon. 
The following experiments were conducted to study some of the characteristics of 
anaerobic digestion of various mixtures of corn stover and swine manure. 
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LITERATURE REVIEW 
Anaerobic digestion is a microbial process of converting organic matter into methane 
and carbon dioxide. It is a natural process that has been used for hundreds of years in 
municipal sewage treatment plants as a mean for reducing air and water pollution by sewage 
and converting sewage to a sludge that is safer to dispose. The sewage treatment plant 
digester contain a mixed population of bacteria that works synergistically in converting 
organic matter to methane. 
The digestion reaction utilizes four different types of bacteria: hydrolytic, 
fermentative, acidogenic, and methanogenic bacteria. Hydrolytic bacteria depolymerizes 
complex organic molecules such as polysaccharide, proteins and lipids into monomers, or 
short chains of monomers. These monomers, e.g. sugars, amino acids, etc., are converted into 
organic acids by fermentative bacteria. Then acidogenic bacteria will convert the acids to 
hydrogen, carbon dioxide, and acetate. The acetate and hydrogen are converted to methane 
and carbon dioxide by methanogenic bacteria via two major pathways (Rivard et al., 1993). 
Methane, the product of anaerobic bacterial respiration, can be used as an alternative source 
of fuel. 
The products of fermentation vary with bacterial type. Although the highest 
concentration of acid is acetic other acids such as formic, propionic, butyric, lactic and 
succinic acids may be present. The hydrolytic and fermentation stages generate these acids 
and in addition ethanol, hydrogen and carbon dioxide. The hydrogen produced by 
fermentation of pyruvic acid plus those released from formation of acetic acid then will rapidly 
be combined with C02 to form methane, thus it would not be expected to accumulate 
(Hobson, et al., 1981 ). Lactic and succinic acid will be degraded to acetic and propionic and 
are reduced to methane. Ethanol also is eventually converted to methane and carbon dioxide. 
However the formation of lactic, succinic, propionic and butyric, as well as ethanol, will 
prevent hydrogen utilization during methanogenesis (Hobson et al., 1981). Latman and Wolin 
(1977) showed that 'pulling' hydrogen away from the reaction would favor the reaction 
toward product formation. The opposite reaction can also occur. If the methanogenic 
bacteria cease to grow then hydrogen could begin to accumulate and stop respiration. This 
4 
would drive fermentation away from producing acetic acid and towards the production of 
more propionate (Henderson, 1980). 
Andrews ( 1969) suggested that formation of propionic acid was inhibitory to laboratory 
digestion and Hobson and Shaw (1976) found that 1000 mg per liter ofpropionic acid partly 
inhibited growth of hydrogen utilizing methanogenic (M formicicum) . This was the lowest 
level of propionic acid used in those experiments. Propionic acid has been shown to also 
inhibit methanogenesis from acetate and propionate (Zinder and Mah, 1979; Gujer and 
Zehnder, 1983). Thus if utilization of hydrogen is reduced by inhibition of bacteria forming 
methane from hydrogen and carbon dioxide, inhibition of acetate and propionate conversion 
to methane will in tum occur, and the increased partial pressure of hydrogen will cause more 
propionate formation during fermentation of sugar (Pirt and Lee, 1983; Wolin and Miller, 
1982). Increase in propionate in particular will increase the overall inhibition and so it can be 
seen that a type of' auto-catalytic' inhibition will set it, rapidly leading to total digestion failure 
(Hobson, 1993). As one of the sensitive parameter, hydrogen partial pressure should not 
exceed 10-4 bar for the digestion to occur normally because a small increase in H+ 
accumulation will promptly inhibit propionate degradation, and thus will lower the system' s 
pH in about one day (Gujer and Zehnder, 1983). 
Under anaerobic conditions one mole of glucose will use two waters to form two acetic 
acids, four hydrogens and two carbon dioxides (Jeris and McCarty, 1965). Acetic acid and 
hydrogen will instantaneously reduce to methane, carbon dioxide and water. The anaerobic 
digestion of one molecule of glucose (Hobson et al. , 1981 ): 
C6H1206 + 2H20 - 2C2H40 2 +2C02 +4H2 
The acetic acids and hydrogen will form methane as follows: 
2C2H40 2 - 2CH4 +2C02 
4H2 +1C02 - 1CH4 + 2H20 
Thus if a reaction started with one glucose molecule, the theoretical product consists of 3 
molecules of methane, 3 molecules of carbon dioxide, and 50% of the product would be 
methane . 
Other predominant micro molecules in the system that work as substrates are lipids 
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and nitrogen compounds that could give the bacteria both growth energy and nitrogen sources 
to build the proteins, nucleic acids, and nitrogenous constituents of cell walls. Nitrogen 
source in the system comes from two sources, ammonia or amino acids. Some bacteria can 
use either source and some may use both. Although in anaerobic digestion, it was found that 
ammonia was probably the major source of cell nitrogen (Hobson, et al., 1981 ). 
Carbohydrates contribute the most for energy production in anaerobic digestion of swine 
wastes, followed by lipids and protein. Lipids were the second largest contributor although 
they constitute about 15% of swine wastes compare to protein (20%). Thus potential 
degradation of lipids should not be underestimated. Fischer et al. (1981) found that 60% of 
total volatile solids (VS) were destroyed, and of the components, 47% of the protein, 65% of 
the hemicellulose, 64% of the cellulose, and 69% of the lipids were destroyed. It also was 
noted that 95% of starch was digested, but starch was a small percentage (1 .5) of the waste's 
organic matter. In domestic sewage sludge lipids were 28% of the sludge organic matter and 
were 76% destroyed during digestion, while carbohydrates and protein (34 and 29% of the 
organics) were 13 and 35% decomposed (Chynoweth and Mah, 1971). 
Feedstock Characteristic 
Feedstocks for anaerobic digesters vary in physical form as well as in chemical 
composition. They can be municipal sewage plus the excess microbial suspension from 
aerobic treatment of the sewage water, agricultural or industrial wastes, and animal manure. 
Most of which contain plant material that has been partially digested in animal or human 
digestive tracts, and according to Hobson ( 1993) is the primary substrate for the anaerobes. 
Most of this carbohydrate is derived from plant material directly or from animal 
intestinal secretions. Carbohydrates in feces are more difficult to digest than that of plant 
tissues (Hobson, 1993). Polysaccharide left undigested by human or animals are structural 
parts such as cellulose. Cellulose is the polymer of glucose units linked P-1, 4. The P-linked 
glucose units of cellulose form linear chains that can lie side-by-side forming polymers with 
high affinity to one another. Bacterial degradation of cellulose is, therefore, slow and is 
influenced by the type of plant fiber containing the cellulose. For instance, Stanogias et al. 
( 1985) found that the rate of and extent of fiber digestion in swine feces varied with type of 
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plant fiber in the feed. Fisher et al. ( 1981) obtained less gas production from feces of swine 
fed on com and milo than on com and wheat. 
Cellulose is associated in the plant cell wall with hemicellulose and pectic substances. 
Hemicellulose is insoluble in water and contains xylose, arabinose, gluconic acid and glucose 
with mainly P-1,4 and P-1,3 linkages. The type of polymer and the amount varies with plant 
species and age of plant (Hobson, 1993). Pectic substances are chains of a-1,4-galacturonic 
acid units that are partly esterified with methanol and linked at the 2 position to acetyl groups. 
The chain also contains some rhamnose. These polysaccharides with varying sugar residues 
and branched chains are not easily degraded by bacterial enzymes. 
Lignin is a three-dimensional polymer of three complex aromatic alcohol joined by 
some twenty different kinds of linkages. The various linkages are rather resistant to both 
chemical and bacterial degradation and it is usually assumed that lignin is not degraded in an 
anaerobic digester, although it can be degraded by some aerobic microbes (Hobson, 1993). 
Most plant fibers consist of a lignocellulose complex that slows bacterial action on the 
cellulose. Lignin is generally regarded as the main constituent that acts as a barrier to 
microbial degradation of the plant cell walls. In the herbivore digestive tract only the less-
lignified parts of the food vegetation are degraded and the fecal residue is the resistant 
lignified-fiber. This residue can be further degraded over time by the bacteria in anaerobic 
digestion. It is important to break the structure of non-degraded lignocellulose to allow 
bacteria to attach to the fiber (Hobson, 1979). Com stover used in this experiment was 
mainly the stalk of the plant that is highly lignified and is expected to take a long time for only 
partial degradation to occur. Hobson (1993) found that cereal straw was only 32% digestible 
while Summers et al. (1987) showed that 35% of barley straw added to swine waste digesters 
was degraded with a retention time of20 days. These digesters were operated at 35C. 
Carbohydrates were the largest component of swine waste (Fischer et al.1981) and 
they contributed most to the biogas formation. Lipids, although they were in lower amounts 
than protein (15% compared to 20%), were the next largest contributor to methane 
production. Swine waste also contains much ammonia that can be used as the source of 
nitrogen for bacterial growth in the digester. 
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Microbes in Anaerobic Digestion 
Microbial activities in the system work as a symbiosis community because of a 
relatively low level of energy produced in a non-oxygen system. They can pull the system 
forward only ifthe environmental requirements are suitable for development of the bacterial 
complex of the complete anaerobic system (Rivard et al., 1993). 
Many different kinds of bacteria exist in the digester because it is not operated under 
sterile conditions and not with sterilized feedstock as is factory fermentation. Therefore, the 
main bacterial population and the reactions of the digester will be determined by the nature of 
the feedstock (Hobson, 1993). For example, macerated vegetable matter, especially crop 
wastes, will contain many microorganisms, in the order of a million or more per gram 
(Hobson et al., 1981 ). Most of the bacteria are aerobic, and come from soils or plants. The 
inoculum for anaerobic bacteria in the system come from air and soil sources consisting of 
spores or dormant forms of these bacteria either as a part of the feedstock or by later 
contamination. Fecal material contains millions of bacteria from the intestines, which include 
anaerobic and facultative bacteria that proliferate in the intestines. 
The fecal bacteria can form a large part of the population of the digester. Hobson and 
Shaw ( 1973) found that in the beginning of digestion, E. Coli was the predominant bacterium 
in a swine waste digester. As the digestion adapted to the swine manure feedstock, facultative 
anaerobic streptococci, the predominant facultative bacteria of swine waste, replaced E. Coli. 
These streptococci formed 50% or more of the organisms in the adapted digester. Thus, their 
properties are such that it is difficult to assign a function to them in the digestion (Hobson and 
Shaw, 1973). Hobson ( 1993) also reported that many of the carbohydrate-fermenting bacteria 
isolated from a swine waste digester could use ammonia as a source of N, and the 
methanogenic bacteria also use ammonia (Mah et al., 1978). However, ammonia toxicity is 
prone to occur in swine-waste digesters. 
Factors Affecting the Rates of Digestion and Activities of the Digester 
Sprott et al. (1984, 1985) suggested that ammonia toxicity was linked to high pH and 
that the ammonia facilitated hydrogen-ion toxicity as the free ammonia deregulating the 
internal pH of the cell. The mixture of ammonium ion and ammonia gas concentrations in 
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aqueous solution is referred to as Ammonia-N which is present in an equilibrium equation of 
NH/= NH3 + H+. The equilibrium will shift to the left as the amount of hydrogen ion 
increases so that the inhibition at lower pH is related to ammonium ion (Hales, 1979). 
However, at higher pH levels, as the equilibrium shifts to the right, the ammonia gas 
concentration may become inhibitory as well. Alhough ammonia gas is inhibitory at much 
lower concentration than the ammonium ion (McCarty, 1964). 
Koster and Koo men ( 1988), Hunik et al. (1990) and Varel et al. ( 1977) investigated 
the effects of pH and temperature on ammonia inhibition of the methanogenic bacteria 
consortia and their results supported this theory. McCarty (1964) found that at normal pH 
(near pH 7) 3000 mg ammonia-N per liter was inhibitory to digestion and that at pH 7.4 and 
above 1500 to 3000 mg was inhibitory. Many researches have found that at the normal pH of 
approximately 7, ammonia-N concentrations of about 1800 mg per liter in mesophilic 
digestion will inhibit digestion (Hobson, 1993). 
Increasing ammonia-N from 1210 to 2360 mg per liter in a start up digester of swine 
manure prolonged the lag phase of gas production (Van Velsen, 1979) by lowering gas 
production rate. The effect of high ammonia content on digestion of cattle, pig and poultry 
wastes was described by Bousfield, Hobson and Summers (1979) and Hobson et al. (1981). 
Van Velsen (1979) found that ammonia inhibition increased with temperature as well as with 
pH. Hobson et al. (1981 ). attributed the difficulties of obtaining thermophilic digestion of 
swine wastes to the effect of ammonia. They concluded that thermophilic digestion of swine 
manure was impossible at the 56C. Van Velsen (1979) reported that a mixed bacterial 
population in the digester could adapt to high ammonia concentrations and this is probably the 
explanation for the differing effects of ammonia reported by a number of workers. Adaptation 
is mentioned in some of the work quoted, but mainly with poultry-waste digestion (Webb and 
Hawkes, 1985; Pechan et al., 1987). 
Summers et al. (1987) reported on digestion of whole and separated cattle wastes 
conducted in the same digester for long periods of time. The wastes were generally oflow 
ammonia content and the digester bacteria were generally adapted to low concentration of 
ammonia. However, for some periods of the studies ammonia concentrations in the slurries 
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were higher or lower than normal. The effects of ammonia on the digestion could be studied 
by removing the effects of retention time; all digestion were at a pH of near 7.3. Plotting 
methane production against ammonia-N concentrations gave a biphasic curve almost identical 
to that found by Koster and Lettinga ( 1984) in studying the effects of ammonia on batch 
digestion. 
As previously noted, most digesters are operated at a range of pH near 7. The 
mechanisms of pH inhibition of bacteria are complex, but normally it is only necessary to be 
aware that the primary inhibition of hydrogen utilization and subsequent increase in acid 
concentration can lead to reduction of the digester pH. Increasing acid condition lead to 
inhibition of growth and activity of the bacteria concerned not only in methanogenesis but also 
in carbohydrate, protein and lipid breakdown. In addition, the unionized volatile fatty acid 
(VF A) which increases in proportion as the pH is reduced, have a greater inhibitory action on 
both fermentative and acid-utilizing methanogenic bacteria than the ionized forms of these 
acids (Hobson, 1979). Increase in pH above 8 is not as likely to occur as is a decrease in pH, 
but such an increase in pH also could lead to digester inhibition. 
Hobson and Shaw (1976) found that farm-animal wastes can be stored in a tank, 
before being transferred into the digester, for different periods of time. This storing phase will 
slow bacterial fermentation and may increase the concentration of ammonia and volatile fatty 
acids already present. In the case of fattening hogs it is now a standard practice to include 
about 200 ppm of copper in cereal diets to increase food conversion efficiency, and this 
copper accumulates in their wastes. Thus, the digester might be subject to shock loading of 
large concentrations of ammonia and volatile acids and, with swine waste, copper, and this 
could be a cause of digester failure. 
Types of Digesters 
Digestion can take place in one or two tank systems. The one tank system contains 
the complete bacterial population for the digestion. But it is possible to separate the reactions 
so that the primary hydrolysis of polymers and acid production occurs in one tank and the 
acidic fermentation products are pumped to another tank where the last step in the process, 
the conversion of acids to methane, takes place. The first tank, in theory, contains no 
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methanogenic bacteria and has an acid pH that is optimum for hydrolysis, whereas the second 
tank has an alkaline pH that is better for the methanogenic bacterial population. 
There are three different types of culture system (Hobson, 1993). The least complex 
of these is the Batch system where substrate and inoculum are placed under a suitable 
condition. The bacteria begin to grow and use up the feedstock, thus producing gas. This 
continues until the substrate is used up or unfavorable conditions develop in the tank. The 
bacteria then enter a phase of slower and finally no growth and the culture has then reached its 
end. 
The Fed-Batch system is similar with the Batch system except that new substrate is 
added after the first lot has been almost used up. Later more substrate is added at further 
intervals until the digester tank is filled . Most of the volume of the digester is then pumped 
out leaving a small volume containing bacteria to inoculate the start of the next run. 
The last system is the Continuous-Culture Batch. It is similar with the Batch culture, 
however, before fresh medium is added an equal volume of the spent medium and bacterial 
cell is taken out, then the remaining bacteria will continue to grow on the new medium. 
Addition or removal of bacteria needs to be done intermittently so that the bacterial activity 
equals the rate of medium addition. 
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MATERIAL AND METHODS 
Com stover for Experiments 1, 2, and 4 was large-baled com stover tub-ground to 
reduce particle size and in addition passed through a grinder mixture with a 10 mm screen 
before it was used in digestion. A further grinding was used for Experiment 3 to study the 
effect of different size of stover particle on digestion by regrinding with a Wiley mill (Thomas 
manufacturing, Philadelphia, PA) using either a 2 mm or a 4 mm screen. The stover contained 
about 66 percent cellulosic fibers of which two-thirds were cellulose and one-third was 
hemicellulose. Up to 7 % of the cellulosic fibers consisted oflignin that limits fiber digestion 
by bacteria. Thus, it is necessary to expose fiber surface area as much as possible to allow 
sites for bacterial action. 
Swine Manure 
Slurry swine manure was collected from fattening swine, weighing about 50 kg each, 
at Iowa State University Bisland Swine Farm near Madrid, IA. The swine were raised with a 
diet containing com grain and soybean meal with additional mineral supplement. The 
combined feces and urine slurry was collected from a pit under the floor of concrete pens. 
Solid content of the manure varied with a range of 4.5% to 13.4%. 
Inoculum 
Ames Municipal Wastewater Control Facility provided inoculum from their primary 
reactor that received human, vegetable, and paper wastes. The primary reactor waste has 
undergone physical treatment such as filtration and sedimentation. The inoculum contained 
bacteria and some unhydrolyzed feedstocks such as human hair that was not removed for the 
experiment. 
Digester Construction and Operation 
Each laboratory digester was a 450-mL pint fruit jar with a number 12-rubber stopper 
as the lid. Holes of 4-mm diameter were drilled in the stopper for the gas exit tube. The lid 
contained a plugged hole for inserting a 5-mm diameter pH probe, for withdrawing liquid 
samples, and for adding chemicals to adjust the pH of the digester. For analysis of ammonia-
N, the material in the digester was rapidly stirred while samples were removed using a pipette 
and ammonia-N was determined by steam distillation into boric acid indicator and titrated with 
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0.028 N HCI. The rubber stopper also had a hole for a septum that was used to obtain a gas 
sample from the digester. The digester jars were placed on the platform of a reciprocating 
shaker (30 strokes per minute) to stir the contents of the digester. Shaking was controlled 
with a timer for shaking 3 minutes and resting for 12 minutes. The digesters were operated 
together inside the hood with a temperature of 32C. 
The gas tube from a digester was connected to a 125-cm tall glass tube with an 
internal diameter of 1.3 cm. The top of the upright glass tube was 30 cm lower than the 
platform of the shaker. The gas tube from a digester was inserted through a rubber stopper 
that fit into the top of the upright glass tube. The glass tube was marked from 0 to 120 cm. 
The bottom of the glass tube had a piece of tubing with a pinch clamp so that the tube could 
be filled with water. Each day the glass tube would be filled with water, the gas tube 
reconnected and the pinch clamp removed. The column of water created a small vacuum in 
the digester. As gas was produced by the reactor contents the water level in the glass tubes 
would decline in proportion to gas production. Percentage methane of gas was determined by 
withdrawing 1 mL of gas from the digester and injecting it into a Model 417 Packard Gas 
Chromatograph using a porapac N column. At start-up head space of the reactors were 
flushed with N2 gas to remove oxygen. 
Treatments 
Experiment 1 was a factorial of three rates of inoculum (50, 150, and 300 mL), with 
four rates of com stover (0, 3, 6, and 9 g) and 2 replications. Reactor volumes were adjusted 
by adding tap water to adjust the total volume to 300 mL. The total length of the experiment 
was 15 days. 
For the second experiment, treatments were a factorial of two rates of inoculum (120 
and 240 mL) three rates of stover (0,3, and 6 g), and two rates of manure (0 and 60 mL). The 
volume was adjusted to 300 mL. The experiment had two replications and data was collected 
for 19 days. Dry matter (DM) of manure was 7% and inoculum DM was 2.1 %. Total solid 
(TS) of each treatment is shown in Table 1. The volatile solids or volatile acid measurement 
were not determined nor was pH adjusted. The experiment was conducted for 19 days even 
though not all dig esters produced gas during the later days of the experiment. 
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Table 1. Total solids for each treatment in Ex eriment 2. 
Treatments (TRT) Total Solids (TS) 
Inoculum (mL) Manure (mL) No stover 3 g stover 6 g stover 
120 0 2.52 g (0.84%) 5.52 g (1.84%) 8.52 g (2.84%) 
120 60 6.72 g (2.24%) 9.72 g (3.24%) 12.72 g (4.24%) 
240 0 5.04 g (1.68%) 8.04 g (2.68%) 11.04 g (3.68%) 
240 60 9.24 g (3 .08%) 12.24 g (4.08%) 15.24 g (5.08%) 
The size of the com stover particle was used as a new variable in Experiment 3. A 150 
mL level of inoculum was used in each digester and tap water was added for a total volume of 
300 mL. The treatments were a factorial of two amounts of manure (0 and 75 mL), two 
levels of com stover (3 and 6 g), and two particle sizes of com stover (2 and 4 mm) with two 
replications. A zero corn stover digester also was used as a control for each of the manure 
levels. Dry matter of manure was 13.4% and of inoculum was 4.6%. The total solid for each 
treatment is shown in Table 2. The substrates were added at the beginning of the experiment 
and pH was adjusted to about 7 and the experiment lasted for 13 days. 
Table 2. Total solids for the treatments in Experiment 3. 
Treatments 
No manure 
75 mL manure 
3 g stover 
9.90 g (3.3%) 
17.94 g (5 .98%) 
6 g stover 
12.90 g (4.3%) 
20.94 g (6.98%) 
For Experiment 4, manure and corn stover was added intermittently into the digesters. 
Before manure was added every fourth day, samples were taken from all digesters to 
determine their ammonia-N content and to adjust the pH. Stover was used in small amounts 
to prevent acid accumulation. The experimental treatments consisted of three rates of stover 
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(0, 3, and 6 g) and three rates of manure (0, 4, and 8 mL) where each added as scheduled. 
Total volume was adjusted to 300 mL. Two replications were used. Percent of solid in 
inoculum was 2.5% whereas that in manure was 8.4%. Total solids for each treatment is 
shown in Table 3. The study was conducted for 38 days. Total dry matter added was 
calculated, final solids determinded and the difference was total solid digested by bacteria. 
Table 3. Total solids from each digester for Experiment 4. 
TRT* (grams) Total Solid (g/TRT) 
Com Stover Manure Added Final Used 
0 0 6.25 4.65 1.60 
0 4 8.27 5.45 2.82 
0 8 10.28 6.45 4.37 
3 0 12.25 9.75 2.50 
3 4 14.27 11.10 3.60 
3 8 16.28 11.55 4.73 
6 0 18.25 15.00 3.25 
6 4 20.27 16.05 4.22 
6 8 22.28 17.80 4.48 
*Treatments were mL of inoculum (I) and corn stover (CS). 
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RESULTS AND DISCUSSION 
Experiment One 
This experiment was a factorial of three rates of inoculum (50, 150, and 300 mL), with 
four rates of com stover (0, 3, 6, and 9 g) and two replications. Table 4 presents daily gas 
production for 15 days and it is graphed in Fig. 1. Table 5 is percentage methane of the gas, 
that was determined every second day. The graph for mean daily percentage of methane is in 
Fig. 2. Statistical analysis of data is in Table 6. The com stover by inoculum interaction for 
gas production is shown in Fig. 3 and percentage methane in Fig. 4. Main effects oflevel of 
inoculum, amount of com stover, and the interaction between inoculum and com stover were 
all highly significant for both gas production and percentage methane. 
The interaction between stover and amount of inoculum on mean daily gas production 
is presented in Fig. 3. With no com stover the rates represent digestible energy in the 
inoculum. If only the data for the 3, 6, and 9 g of stover are used, the nature of the interaction 
can be seen. Fifty milliliters of inoculum produced the highest rate of gas rate with 3 grams 
of stover, 150 mL with 6 grams, and 300 mL with 9 grams of stover. The interaction could 
be explained by over production of acid due to a high ratio of com stover to inoculum size. 
As seen in Table and Fig. 1 a, with 3 g of stover the rate of gas production was small but 
relatively stable for the 15-day period. With the 6 and 9 gram rates of stover added in 50 mL-
inoculum digester, gas production declined after Day 4. The decline might have occurred due 
to excess acid production from large amounts of stover by the hydrolytic and acid producing 
bacteria that was greater than the potential amount of methanogenic bacteria in 50 mL of 
inoculum. Gas production of 150 mL of inoculum with 3-g rate of stover slowly declined 
with time but showed no signs of acidification. The 6-g rate showed a build up of gas 
production rate and then a slow decline indicating that the amount of stover became limiting. 
With 9 grams of stover the rates were less than those with six grams that may indicate over 
acidification. With 300 mL of inoculum the greatest rate of gas production was with the 9 g 
rate of stover with no indication of acidification. 
Percentage methane values should be interpreted with caution. The headspace in the 
reactor was 150 mL and seldom was the daily rates of gas production that large. Total gas 
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Table 4. Dail~ gas Eroduction in milliliters, ExEt. 1. 
TRT* Days 
I cs 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
50 0 16 12 2 6 2 3 3 -1 3 0 -2 4 -6 0 
50 3 23 30 33 33 41 24 27 27 23 25 21 24 32 21 22 
50 6 31 42 31 32 15 9 10 11 4 IO 6 8 14 9 14 
50 9 36 45 29 30 13 7 11 11 4 11 4 2 7 -3 5 
150 0 67 59 27 45 34 32 38 33 24 32 15 3 8 -3 3 
150 3 52 60 49 87 78 67 139 74 57 62 49 37 38 27 28 
150 6 66 88 81 133 119 106 122 110 66 98 86 43 96 82 -23 
150 9 67 97 88 114 87 59 63 58 67 67 28 101 86 43 -9 
300 0 88 65 45 60 49 44 51 47 88 44 39 23 42 31 
300 3 122 116 58 108 IOI 97 110 96 122 69 56 41 48 39 11 
300 6 104 136 140 225 234 218 198 135 104 131 105 38 91 106 -56 
300 9 140 176 65 230 236 243 235 146 140 152 153 136 100 93 -16 
*Treatments were mL of inoculum (I) and grams of corn stover (CS). 
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Figure 1. Rate of daily gas production from digester with four rates of stover (0, 3, 6, 
and 9 g) with a) 50 mL, b) 150 mL, and c) 300 mL ofinoculum, Exp. 1. 
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Table 5. Methane Eercentage over a Eeriod of 13 da~s for ExEeriment 1. 
TRT* I Days 
I cs 1 3 5 7 9 11 13 
(mL) (g) 
50 0 27 37 32 38 38 37 37 
50 3 7 25 23 27 32 21 30 
50 6 13 38 33 41 42 39 46 
50 9 13 39 27 30 35 33 38 
150 0 12 17 19 14 17 17 22 
150 3 22 50 41 48 52 26 49 
150 6 29 60 51 55 66 57 53 
150 9 22 47 45 55 32 57 61 
300 0 35 55 51 45 63 58 57 
300 3 41 43 49 35 39 33 31 
300 6 61 78 42 66 61 59 54 
300 9 52 62 37 64 62 44 59 
* Treatments were mL of inoculum (I) and grams of com stover (CS). 
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Figure 2. Percentage methane of gas from digester with four rates of stover (0, 3, 6, 
and 9 g) with a) 50 rnL, b) 150 rnL, and c) 300 rnL of inoculum, Exp. 1. 
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Table 6. Analysis of variance for the effect of inoculum, stover, days, and their interactions 
using days as repeated measurement in Experiment 1. 
I Gas Production % Methane 
Source df Mean Square df Mean Square 
Replication (R) 1 113 1 0 
Inoculum (I) 2 306142** 2 13965** 
Corn Stover 3 53904** 3 1828** 
(CS) 
IxCS 6 20877** 6 737** 
Error a 11 3407 11 23 
Day (D) 14 118042** 6 1573** 
DxR 14 1978 6 74 
Dxl 28 67048** 12 177** 
DxCS 42 35547** 18 40 
DxlxCS 84 73443** 36 73* 
Error b 154 16499 66 37 
Coef Var. (%) (15.5) (13.7) 
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production during the 15-day period for the four reactors with 50 mL of inoculum and the 
reactor with 150 mL of inoculum without corn stover was less than 450 mL or three changes 
of the head space volume (Table 4.). Percentage methane of these reactors at the end of 50 
days was less than 50% which was less than the expected 55-60%. 
Experiment Two 
Twelve treatments were used in this experiment. Treatments were a factorial of two 
rates ofinoculum (120 and 240 mL) three rates of stover (0, 3, and 6 g), and two rates of 
manure (0 and 60 mL). The experiment had two replications and data was collected for 19 
days. Statistical analysis of the data is in Table 7. Daily gas production is recorded in Table 8 
and percentage of methane determined every other day is in Table 9. Rate of daily gas 
production and methane percentage are graphed in Figures 5 and 6, respectively. Figure 7 
presents the three-way interaction of stover, inoculum, and manure on gas production and 
Figure 8 shows the same for methane percentage. Daily gas production as a mean of all 
treatments for 19 days is shown in Figure 9, and Figure 10 shows the means of all treatments 
on methane percentage. 
For gas production, analysis of variance calculation showed significant effects for all 
the main effects (inoculum, manure, and stover), two-way interactions, and for the three-way 
interaction. Day, the sequential measurement aspect of the statistical analysis, was highly 
significant and all of its interactions were significant mainly due to the progressive decrease in 
gas production after Day 3 (Fig. 9). The interaction between inoculum and manure was 
significant, but the effect was less than that for inoculum and stover where the response to 
stover was greater with the larger inoculum than with the small inoculum. For the stover and 
manure interaction the response to stover was greater without manure than with manure. A 
large interaction between stover and inoculum with time can be seen in Table 7. With 120 mL 
of inoculum and 60 mL of manure, gas production with 6 grams of stover began to decline 
after Day 6, whereas with 3 grams of stover the rate remained greater. For this comparison, 
240 mL of inoculum with 6 g rate of stover produced much more gas than with the 3 g rates. 
Actual and expected gas productions for the means of all treatments for 19 days 
period are in Table 10a and Table lOb. Both sizes ofinoculum (120 and 240 mL) with no 
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manure treatments produced equal or higher rates of gas production than expected (Table 
lOc). With manure and 3 g of stover the expected and actual values agreed well with the 
expected for both 120 and 240 mL of inoculum. With 6 g of stover and manure, however, the 
actual gas production with 120 mL of inoculum was only one-half of the expected, but with 
240 mL of inoculum the actual were only about 20% less than expected. A probable 
explanation is that the combination of 6 g of stover and manure began to produce more acid 
than the methanogenic bacterial population in 120 mL of inoculum could use from this 
feedstock with relatively large amounts of com stover and swine manure. Acid conditions 
decrease both the activity and multiplication of these bacteria. 
Table 7. Statictical analysis of variance of Experiment 2 with days as a repeated 
measurement. 
Source Gas Production % Methane 
d.f F-value Prob. d.f F value Prob. 
Rep 1 11.2 0.006 I 12.8 0.004 
I 1 138.2 0.000 I 31.6 0.000 
M I 980.5 0.000 145.1 0.000 
I*M 1 17.9 0.001 I 4.1 0.066 
s 2 203.9 0.000 2 6.8 0.012 
I*S 2 41.2 0.000 2 6.8 0.015 
M*S 2 92.6 0.000 2 67.9 0.000 
I*M*S 2 19.7 0.000 2 6.5 0.013 
Error 11 (Mean Square 816) 11 (Mean Square 55) 
D 18 57.5 0.000 8 13.5 0.000 
D*Rep 18 2.6 0.000 8 2.7 0.010 
D*I 18 13.4 0.000 8 7.3 0.000 
D*M 18 7.7 0.000 8 7.3 0.000 
D*l*M 18 5.5 0.000 8 2.3 0.027 
D*S 36 1.9 0.003 16 0.6 N.S. 
D*I*S 36 3.2 0.000 16 0.8 N.S. 
D*M*S 36 6 0.000 16 2.4 0.005 
D*I*M*S 36 2 0.001 16 1.7 0.054 
Error 198 (Mean Sguare 772) 88 (Mean Sguare 35) 
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TRT Days 
I cs M 11 12 13 14 15 16 17 18 19 Means 
(mL) (g) (mL) 
120 0 0 8 5 7 10 3 2 0 2 0 9 
120 3 0 44 38 37 38 28 24 24 24 19 52 
120 6 0 106 90 78 69 84 68 70 67 62 104 
120 0 60 187 145 103 86 35 17 15 15 8 124 
120 3 60 176 185 219 218 207 156 110 88 76 156 
120 6 60 56 54 70 72 129 121 117 107 98 104 
240 0 0 15 14 10 12 5 4 3 4 85 20 
240 3 0 72 55 47 45 37 28 27 23 18 75 
240 6 0 159 120 92 80 74 55 52 45 39 134 
240 0 60 126 74 47 40 20 18 22 14 10 134 
240 3 60 193 126 88 78 61 59 61 34 30 174 
240 6 60 96 203 187 135 171 131 99 81 73 195 
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Table 9. Methane percentage of gas production, Expt. 2. 
TRT* Days 
I (mL) CS (g) M(mL) 1 3 5 7 9 11 13 15 17 
120 0 0 18 26 31 27 25 29 31 32 35 
120 3 0 33 41 44 52 47 46 50 41 45 
120 6 0 35 41 51 51 49 52 45 47 45 
120 0 60 35 43 49 65 66 68 70 65 60 
120 3 60 33 39 44 50 58 62 65 62 63 
120 6 60 29 29 26 28 35 41 41 53 62 
240 0 0 31 38 43 30 32 32 21 26 31 
240 3 0 45 54 44 31 43 50 49 40 42 
240 6 0 51 55 57 51 49 46 54 44 47 
240 0 60 52 61 64 61 62 60 61 59 58 
240 3 60 47 52 62 66 61 57 62 59 51 
240 6 60 43 44 51 49 62 61 64 61 59 
* Treatments were mL of inoculum (I), g of corn stover (g), and mL of manure (M). 
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Figure 5. Daily rate of gas production from treatments with 2 rates of inoculum ( 120 
and 240 mL) and 2 rates of manure (0 and 60 mL) with a) 0 g, b) 3 g, and c) 6 
g of stover, Expt. 2. 
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Table 10. Means of gas production in mL per-day, b) adjusted* values of mean gas production 
in mL per-day, and c) calculated additive values of mean gas production in mLlday, Expt. 2. 
a 
b 
c 
TRT 
Stover (g) 
0 
3 
6 
TRT 
Stover (g) 
0 
3 
6 
TRT 
No manure 
120mL 
inoculum 
9 
52 
104 
240mL 
inoculum 
20 
75 
134 
No manure 
120mL 240mL 
inoculum inoculum 
0 0 
43 55 
95 114 
No manure 
120mL 
inoculum 
124 
156 
104 
120mL 
inoculum 
115 
145 
95 
60 mL manure 
240mL 
inoculum 
134 
174 
195 
60 mL manure 
240mL 
inoculum 
114 
154 
175 
60 mL manure 
---··· ··························· ·····-------- · ·······----------------· ·· ···-- ·-······································ ······················· ······· ·· ····················· 
Stover (g) 120mL 240mL 120mL 240mL 
inoculum inoculum inoculum inoculum 
0 NIA NIA NIA NIA 
3 NIA NIA 158 (145) 169 (154) 
6 86 (95)** 110 (114) 210 (95) 228 (175) 
* adjusted values are the mean gas production from all treatments minus gas production from 
inoculum 
* * actual values are in paranthesis 
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Experiment Three 
The treatments consisted of two rates of manure (0 and 75 rnL), two rates of corn 
stover (3 and 6 g) and two sizes of stover (coarse and fine) were used. A control with no 
manure or stover also was included. Daily rates of gas production and percentage of methane 
are presented in Tables 11 and 12. The control treatment (0 grams stover and 0 rnL manure) 
continued to slowly digest residual materials in the inoculum (Table 11 ). The percentage of 
methane in the gas slowly increased toward, a normal level of71% on Day 11(Table12) as 
the small volumes of gas replaced the nitrogen gas in the headspace present after feeding the 
reactors. Statistical analysis are in Table 13 . For gas production only the effects of days and 
days*manure were significant. For methane percentage, the main effects of manure and 
quantity of stover (3 verses 6 g) were significant along with the effects of date and the 
date*manure interaction. 
The reactors fed corn stover but no manure produced slightly more gas than the 
control (Figure 13) and the methane percentage increased to normal levels (Table 12). Both 
reactors fed with manure and those fed with manure and stover produced much greater 
amounts of gas than those that were not fed manure, but their levels of methane percentage 
were very small. The low level of methane percentage would indicate that the population of 
methanogenic bacteria was decreasing more than other bacteria in the system. Either excess 
acid production, or more probable high levels of ammonium ion, caused the reduction of 
methane production in the reactors receiving manure. The extreme example is the treatment 
with 6 g of fine-ground stover with manure in which percentage of methane were ranged 4-
11 %. Digester failure occured in all the reactors receiving manure in this experiment. 
Experiment Four 
Variables for this study were 3 rates of stover (0,3, and 6 g) and 3 rates of manure (0, 
4, and 8 rnL). Both stover and manure were added at the beginning and on the 34th day of the 
experiment and on the 2o•h stover alone was added. Manure was also added on day 4, 8, 12, 
and 16. Table 14 shows the significance of the variables. Table 15 lists the rate of gas 
production in rnL per-day from each treatment over a period of 38 days and table 16 presents 
methane percentage of the gas. Figure 17a presents production of gas from manure with no 
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Table 11. Rate of gas Eroduction measured in mL Eer-day, ExEt. 3. 
TRT* I Days 
cs M 1 2 3 4 5 6 7 8 9 10 11 12 13 
(g) (mL) 
0 0 55 47 38 65 53 46 52 53 56 48 56 75 72 
3c 0 95 56 39 65 47 50 65 76 89 65 70 lex> 82 
3f 0 75 42 36 63 44 40 60 68 95 69 87 60 56 
6c 0 87 40 54 79 42 40 57 70 128 83 98 91 65 
6f 0 76 38 51 80 59 42 59 73 102 70 78 83 77 
0 75 162 93 168 196 172 68 85 117 149 125 44 48 27 
3 c 75 183 100 112 116 72 38 41 52 61 49 53 47 28 
3f 75 171 114 191 122 61 30 39 50 61 61 50 59 44 
6c 75 221 78 113 85 44 43 62 58 49 25 33 33 14 
6f 75 232 85 203 205 156 36 58 60 66 59 41 44 18 
*Treatments were grams of corn stover (CS) and mL of manure (M) 
Table 12. Rate of methane Eercentage from daily gas Eroduction, ExEt. 3. 
TRT* I Days 
cs M 1 3 5 7 9 11 
(g) (ml) 
0 0 5 14 24 46 44 71 
3 c 0 6 18 28 46 45 78 
3f 0 7 14 21 40 35 68 
6c 0 8 13 22 43 39 68 
6f 0 9 19 32 55 45 57 
0 75 15 16 20 31 23 32 
3 c 75 16 17 21 30 25 32 
3f 75 17 14 27 26 20 19 
6c 75 18 16 25 23 19 19 
6f 75 8 9 8 5 4 15 
*Treatments were grams of stover (CS) and mL of manure (M). 
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Table 13. Analysis of variance of gas production and percentage methane from anaerobic 
digestion with two levels of manure, two rates of stover and two particle sizes of 
stover for 13 day period, Expt. 3. 
Mean Square 
Variable' d. f Gas Production % Methane 
R 1 3506 8 
M 1 8075 17680** 
Size (S) 1 1558 24 
M*S 1 6746 2 
Corn Stover (CS) 1 676 1306* 
M*CS 1 70 393 
S*CS 1 3880 134 
M*S*CS 1 1973 1 
Error a 7 4505 160 
D 12 11871** 3518** 
D*R 12 950 53 
D*M 12 13786** 1194** 
D*S 12 1204 6 
D*M*S 12 841 17 
D*CS 12 884 102 
D*M*CS 12 718 149 
D*S*CS 12 583 16 
D*M*S*CS 12 629 26 
Error b 84 900 80 
C.V. 41% 22% 
1 Replication (R), Manure (M), and Day (D). 
*, **indicate 0.05 and 0.01 level of significance, respectively. 
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stover added to the digesters. The rates were 18, 60, and 96 mL per-day for the respective 
rates of manure, 0, 4 and 8 mL, during the first 20 days of the study. The peaks after 4, 8, 12, 
and 16 days show the pattern of the anaerobic digestion of manure alone. The amount of 
manure substrate lasted for 2 to 3 days before being exhausted. Figure 17b presents gas 
production for the three rates of manure (0, 4, and 8 mL) with 3 grams of stover. For the first 
20 days rates of gas production were 82, 117, and 148 mL per day. The pattern of gas 
production was similar to that without com stover except that the rates were greater which 
reflected the addition of stover. Figure 17c is gas production for the three rates of manure 
with 6 g of stover and for the first 20 days the rates averaged 147, 178, and 198 mL per day. 
By Day 20 the reactors fed 4 or 8 mL of manure had accumulated up to 1700 mg/L of 
ammonia-N which is near or at the toxic level (Hobson, 1993). 
On Day 20 the 3 and 6-g reactors were fed com stover. For a four-day period 
relatively large volumes of gas were produced after which gas production declined to a level 
less than that at Day 20 (Fig. 17c). Figure 18c shows that before Day 20 the methane 
percentage in gas was declining and after feeding stover on Day 20 there was a further decline 
during the period of rapid gas production. These results indicate that the methanogenic 
bacterial activity was drcreasing due to ammonium toxicity and that the gas produced was 
mainly carbon dioxide. On Day 34 the reactors were fed both manure and stover treatments 
to determine bacterial activity in the reactors. None of the reactors produced gas. 
At the beginning, the bacterial population of the control treatment (no stover nor 
manure addition) produced gas for the first 5-6 days of the study from residual substrate in the 
inoculum and then deteriorated. The reactors fed com stover but no manure produced gas for 
the first 6-8 days but then declined because of lack of substrate for digestion until refed on 
Day 20. The reactors that had not been fed com stover but had been fed manure for 16 days 
seemed to maintain satisfactory gas production, but percentage methane began to decline by 
Day 20 indicating ammonium toxicity. The reactors fed various combinations of com stover 
and manure during the first 16-day had either accumulated relatively large levels of ammonia-
N or were exposed to acid conditions before Day 20. For this experiment excess acidity was 
neutralized every four days, but the acidity that accumulated during those period could have 
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deteriorated the methanogenic population. The most active reactor after Day 20 was the 
treatment that had received 6 g of stover without manure from the aspect that it continued to 
produce gas for a longer period after being fed on Day 20 and methane percentage was 
increasing with time. 
Table 14. Analysis of variance for the effects of com stover, manure, and day on gas 
production and percentage of methane using days as repeated measurement over a 
Eeriod of 3 8 days, ExEt. 4 
I Gas Production %Methane 
Source d.f. Mean Square d.f. Mean Square 
Rep. 1 2329 1 551 
Com Stover 2 940309** 2 18410** 
(CS) 
Manure (M) 2 69986** 2 6543** 
CSxM 4 2173 4 1748** 
Error a 8 477 8 66 
Day 37 62251** 14 1632** 
CSxD 74 18537** 28 268** 
MxD 74 2974** 28 187** 
CSxMxD 148 787 56 45 
Errorb 333 806 126 47 
Coef. Var.(%) (29.2) (15.7) 
*,**indicate 0.05 and 0.01 level of significance, respectively. 
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Table 15. 
TRT* Days 
cs M 11 12 13 14 15 16 17 18 19 20 
(g) (g) 
0 0 25 8 11 35 6 5 18 -2 6 4 
0 4 65 34 82 100 45 58 71 77 38 30 
0 8 101 42 140 134 57 50 137 147 69 40 
3 0 86 51 65 97 55 40 56 38 33 32 
3 4 111 65 120 124 84 60 132 90 59 58 
3 8 179 118 182 153 101 90 181 173 93 98 
6 0 146 110 104 143 114 100 123 115 83 99 
6 4 227 172 178 200 133 110 176 138 91 111 
6 8 214 179 198 311 182 165 194 202 117 124 
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Table 15. 
TRT* Days 
cs M 31 32 33 34 35 36 37 38 
(g) (mL) 
0 0 3 2 2 1 1 0 0 0 
0 4 5 5 1 0 1 0 3 0 
0 8 8 7 1 0 1 6 3 0 
3 0 41 45 3 1 12 10 9 8 
3 4 34 39 2 I 11 11 10 9 
3 8 33 39 2 1 10 13 11 10 
6 0 86 91 5 2 14 25 19 18 
6 4 100 74 14 3 12 25 20 18 
6 8 121 108 59 3 10 22 20 18 
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Table 16. Daily methane Eercentage in from gas Eroduced over a Eeriod of29 days, ExEt. 4. 
TRT* Days 
cs M(g) 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 
(g) 
0 0 8 9 12 18 11 16 11 17 11 10 7 6 8 1 5 
0 4 31 27 37 43 40 48 44 46 43 38 23 18 12 8 12 
0 8 41 36 59 72 51 68 56 62 45 51 34 25 17 11 21 
3 0 32 44 40 47 43 52 41 39 29 35 33 34 40 31 52 
3 4 42 64 54 65 52 69 63 58 47 49 38 42 42 33 46 
3 8 41 51 65 65 66 62 54 51 55 51 39 49 33 30 41 
6 0 38 42 63 54 62 66 61 56 49 43 37 52 51 61 66 
6 4 38 50 72 65 67 71 72 57 62 55 33 44 51 54 62 
6 8 40 60 71 68 71 77 72 67 72 56 32 28 47 54 65 
* Treatments were grams of com stover (CS) and ml of manure (M). 
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SUMMARY AND CONCLUSIONS 
Studies were conducted using corn stover, liquid manure from swine confinement 
houses, and various mixtures of stover and manure as feedstocks for anaerobic digestion to 
produce methane gas. A single stage system was used because it has advantages for relatively 
small on-farm operations for producing energy from waste agricultural biomass. The system 
frequently leads to reactor failure due to imbalances that develop during the digestion 
processes. When only corn stover was added to the inoculum at pH 7, the acid producing 
bacteria produced acids more rapidly than the endogenous methanogenic bacteria population 
could use. The pH decreased and that increased activity of the acid generating bacteria and 
decreased activity of the methanogenic bacteria. Sometimes the pH was readjusted to above 
7, but that usually did not correct the imbalance between the two groups of bacteria. When 
manure was added alone, the pH did not decrease partially because ammonium was produced 
that neutralizes the effect of acids from carbohydrate fermentation. With a mixture of stover 
and manure the pH stayed at about 7 but the manure produced toxic levels of ammonium. 
This study helped define useful levels of feedstock and their mixtures, but usually 
reactor failure occurred. Use of a pH controller to continuously maintain desired pH levels 
seems essential. The use of a two-stage system with separate environments for acid 
production and for methane production also may be needed for a stable long-term gas 
production. 
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